
DECOMPOSITION CURVES O F  LITHIUM CHLORIDE 

OF WATER 
I N  PYRIDINE AND IN ACETONE-.'I"E EFFECT 

BY HARRISON EASTMAN PATTEN AND WILLIAM ROY MOTV 
Introduction 

Lithium chloride is soluble in a number of organic liquids, 
and thus affords ready means for studying the effect of change 
in solvent upon the process of electrolysis. In the deposition 
of lithium from its chloride in a series of alcohols' we have 
considered only a simple solvent. This paper takes account 
of the influence of moisture on the electrolysis of lithium 
chloride in pyridine and in acetone, starting with the anhy- 
drous solvents. 

Part I. Electrolysis of Lithium Chloride in Pyridine 
During the electrolysis of a pyridine solution of lithium 

chloride in an open cell,s there is a marked increase in the 
cell resistance. Thus, in a series of decomposition-curve 
determinations, polarization values for the total cell ranged 
from 4.00' volts4 to 2.70 volts, and in sonie instances a rise of 
ten to a hundred fold was observed in the cell resistance. A 
preliminary attempt to take anode and cathode curves gave a 
polarization of 1.6 volts at the anode, and $0.4 volt at the 
cathode. As these solutions were not strictly anhydrous, it 
seemed advisable to  study the effect of water. So several 
solutions were made up with great care to exclude moisture, 

This work was carried out in the laboratories of physical chemistry 
and of applied electrochemistry a t  the University of Wisconsin, and the authors 
wish to express their appreciation of the courtesy extended to them by Professor 
I,. Kahlenberg and by Professor C. F. Burgess. 

Jour. Phys. Chem., 8, 153 (1904). 
Compare, I,. Kahlenberg: Jour. Phys. Chem., 3, 602 (1899); also, 

Laszczynski and Gorski: Zeit. Elektrochemie, 4, 290 (1897). 
These decomposition points were determined by extending back the 

CR line to  the axis of the volts, thus subtracting the electromotive force used 
in overcoming the resistance of the e!ectrolyte from the total electromotive 
force applied at the cell terminals. 
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and current electromotive force curves determined in dry 
cells. Anode and cathode curves were taken, using the 
potentiometer apparatus described in a previous paper. 
Then water, in known amounts, was added and the curve 
redetermined. As a check on the conductivity of the solu- 
tion, the specific conductivity of lithium chloride in pyridine 
a t  various dilutions was determined; and to ascertain how 
the added water changed the conductivity, a second con- 
ductivity curve was secured, showing the rapid increase in 
specific conductivity for small increments of water. With 
these data in hand, we can show that anhydrous pyridine con- 
taining anhydrous lithium chloride may be electrolyzed in a 
regular manner-an experimental fact-and that an ex- 
tremely small quantity (about one-tenth percent) of moisture 
will cause the solution to act upon the lithium with the for- 
mation of an insulating film upon the cathode2 of sufficient 
resistance to interrupt electrolysis. 

Materials 

, 

A sample of pyridine from Kahlbaum was dehydrated 
over solid caustic potash, distilled and used at once. Its 
boiling-point was 114-117' C under 729.3 min. 

The lithium chloride was made by E. de Haen; after 
heating nearly to fusion for some time, a portion was quickly 
placed in a dry, weighed flask, stoppered, and weighed. 
Sufficient pyridine was run in just to  dissolve the lithium 
chloride and the weight again taken. The solution contained 
1.353 percent of lithium chloride on the total weight of solu- 
tion; it is by no means a saturated solution, although it is 
very nearly one-third normal. Its specific conductivity a t  
2 5 . 0 ° C  was 1.092 X  IO-^ reciprocal ohms. Other solu- 

Decomposition curves of lithium chloride in alcohols and the electro- 
deposition of lithium. 

Cathode films of great resistance are less common than the anode in- 
sulating films which have been observed by various experimenters with alumi- 
num, magnesium, chromium, copper, lead, silver, etc. Consult further Elec- 
trochemical Industry, 2, 129, 268, 352, 444 (1904); Jour Phys. Chern., 8, 548 

Jour, Phys. Chem., 8, 153 (1904). 

(1904). 
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tions from the same stock supply were made up as required. 
Where data is given, the solution used will be described. 

Method 
The decomposition curves were determined as described 

in a previous paper.’ The impressed voltage, where small, 
was read on a potentiometer by compensation, and the small 
currents were measured by taking the fall of potential across 
a known resistance in series with the cell. Higher values were 
given by the carefully calibrated voltmeter and ammeter. 
The D’Arsonval galvanometer mentioned elsewhere, served 
as a zero instrument. The electrolytic cell’ was of glass with 
parallel fused-in platinum electrodes, three square centi- 
meters in area and approximately 7 mm apart; its capacity 
was approximately 2 5  cc. A ground-in-glass stopper served 
to exclude moisture. Temperature was controlled by a water 
bath. Anode and cathode curves were taken by means o€ 
an Ostwald half cell, using an intermediate vessel containing 
lithium chloride dissolved in pyridine. The conductivity 
measurements were made by the Kohlrausch method, using 
a slide-wire bridge and telephone. 

Results 
First, experiments are given showing the effect on the 

decomposition curves of successive additions of water ; then 
the total polarization, anode polarization and cathode polariza- 
tion for a highly anhydrous solution; and finally the specific 
conductivity of solutions of lithium chloride in pyridine, 
mingled with varying amounts of water. 

Table I contains in the first three columns the decom- 
position curve of the one-third normal solution of lithium 
chloride in pyridine, described under the heading I ‘  Materials. ” 
The current given in column I1 is the more exact-it was 
read on the potentiometer as voltage drop across a known 
resistance and calculated-while that  in column I11 was 

Jour. Phys. Chem., 8, 153 (1904). 
Potentials of zinc in aqueous solutions. Trans. Am. Electrochem. SOC., 

3, 318 (1903). 
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taken on the milliammeter. The graph of this curve is not 
given, since a similar curve with anode and cathode values 
is to be presented below. ' 

TABLE I 
Electrolysis of one-third normal LiCl in pyridine, t = 25' C 

I 
Volts 

0.97 
1.33 
I .62 
I .89 
.2.17 
3.36 
3.90 
4.44 
4.89 
5.34 
5.78 
6.27 
6.68 
7.58 
8.47 
9.35 
IO. 24 
11.13 
12.04 
12.94 
13.84 
9.40 
7.64 
5.83 
3.99 

I1 
Aniperes 

o.00003 I 

0.000384 
0.000610 
0.000835 
0.00141 
0.00106 

0.00106 

0.00216 
0.00264 
0.00320 

0.00650 
0.00764 
0.00866 
0.00965 
0.01060 
0.01 164 
0.0060 
0.00362 
0.00170 
0.00008 

0.000173 

0.00059 

0.001 57 

0.00425 
0.00531 

Battery point 

I11 
Amperes 

- 
- 
- 
- 
- 

0.002 
0.002 
0.001 
0.0015 

0.0025 
0.003 
0.004 

0.006 
0.007 
0 I 008 
0.009 

- 

0.0045 

0.010 
0.011 
0.012 
0.006 
0.004 

' 0.002 
0.000 

3.95 volts 
Lithium deposited. 

Then 0.031 cc distilled water was 
added and electrolysis continued 20 
minutes with 0.0006 ampere per sq. 
cm before taking the following 
curve. 

-__ 

IV 
Volts 

- 
- 
- 
- 
- 
2.46 
2.94 
3.45 
3.96 
4.45 
4.91 
5.37 
5.82 
6.25 
6.71 
7.59 
8.47 
9.35 
10.25 
11.16 
12.04 
12.92 
13.81 

V 
Aniperes 

- 
- 
- 
- 
- 

0.000394 
0.000551 

0.000394 
0.000551 
0.000945 
0.001337 

0.002509 
0.00295 
0.00409 
0.00531 

0.000482 

0.001848 

0.00649 
0.00748 
0.00843 
0.00965 
0.01082 
0.01 19.5 

VI 
Amperes 

- 
- 
- 
- 
- 
- 
- 
- 
- 
0.001 

0.002 
0.0015 

0.0025 
0.003 

0.004 
0.006 
0.007 
0.008 

0.0035 

In- 
0.010 
0.011 
0.012 

Several discharge potentials for the 
total cell were then taken. 

Volts 

2.70 
3.0 to 3.5 
3 Ll 
2.80 
3.95 
4.10 
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Volts 

10.00 
8.00 
6.00 

TABLE I (Contitwed) 
To the last solution I cc distilled water was added. The lithium 

adhering to the cathode was vigorously attacked. The solu- 

were then taken 
tion was very nearly colorless. The following readings 

Then the current was reversed 
and gave 

Ampere 

0.011 
0 . 0 1 1  
0.006 . 

VI1 
Volts 

0.94 
I .40 
1.91 
2.36 
2.82 
3.35 
3.82 
4.32 
4.79 
5.28 
5.75 
6.24 
6.74 
7.69 
8.65 
9.63 
IO. 63 
11.61 
12.58 
13.55 
14.55 

VI11 
Ampere 

0.00059 
0.00098 
o.00090 
0.00138 

0.00146 

0.00185 
0.00208 
0.002 16 
0.00252 
0.00261 
0.00261 
0.00306 
0.00354 
0.003 73 
0.003 73 

- 0.00394 
0.0042 I 
0.0045 3 
0: 00453 

0.00177 

0.001 77 

After electrolyzing at 15 
volts for a long while 

I. 78 
3.94 
5.93 
7.91 
9.88 
14.82 

0.0002 16 

0.00067 

0.00118 

0.00059 

0.000945 

0.00177 

IX 
Ampere 

- 
0.001 
0.001 
0.002 

0.002 
0.002 
0.002 
0.002 

- 

- 
0.003 
0.003 
0.003 
0.004 - 
- 

0.005 
- 
- 
- 

0.006 

After one hour of electrolysis 
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It will be seen that this curve gives a decomposition 
voltage of 4.00 volts and that a discharge of 3.95 volts was 
obtained for the total cell. The deposit of lithium was 
smooth and had very little if any action upon the pyridine. 
Columns IV, V and VI show the curve for the same solution 
after adding 0.03 cc (0.12 percent) of distilled water, and 
electrolyzing with two volts pressure for twenty minutes. 
The presence of water makes it necessary to read the dis- 
charge voltages more quickly than in the previous case. A 
discharge of 4.1 volts was obtained after electrolyzing with a 
current density of 0.004 ampere per square centimeter for 
some time, showing that metallic lithium was deposited. 
However, a graph of this second curve shows the gradual 
increase in resistance of the cell as the water assists in the 
formation of an insulating film at the cathode. This film is 
yellow-red, and the solution, too, takes on this color. The 
anhydrous solution electrolyzes with but slight change in 
color. 

Columns VII, VI11 and I X  give the effect upon the same 
solution produced by adding I cc of distilled water. The 
original volunie of the solution was 25 cc. The resistance 
of the cell has increased considerably, owing to the formation 
of this cathode insulating film. On reversing the current, 
the film separates and strips from the electrode, and the 
normal resistance of the cell obtains until the lithium which 
is deposited on the new cathode again reacts to  form the in- 
sulating film, and then the resistance rapidly rises. 

Solutions of lithium chloride in pyridine were electro- 
lyzed to  the extent of eighteen different solutions and accurate 
readings of the impressed electromotive force and the current 
taken. Solutions of lithium chloride in pyridine containing . 
less than I percent water have been electrolyzed with the 
formation of cathode insulating films having critical voltages 
of 40 and 60 volts. By critical voltage’ is meant that  voltage 
at which the film breaks down and allows accelerating amounts 

- 

1 Compare “ Electrical Properties of the Films that form on Aluminum 
Anodes,” Electrochem. Ind., September, 1904. 
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of current to pass. The rate of formation of the insulating 
film is much slower than with aluminum anodes, but in some 
cases the insulation here reaches 100,000 ohiiis per square 
centimeter. This resistance was sufficient to make the cell 
resistance appear greater for the solution than for the pure 
solvent. 

In  Table TI, the voltage-current curve is given for a 
pyridine solution containing approximately I percent of 
water. The solution had been electrolyzed for a few hours 
before these readings were taken, and the low current passing 
shows the typical behavior of insulating films. 

TABLE I1 
Electrolysis of a solution of lithium chloride in pyridine (one-third 

normal) containing I percent of water 

Ampere I Volts 

_______. __  - _ _  ~~- - -~ 

I O  
2 0  

30 
40 
5 0  
60 
70 
80 
90 

0.000020 
0.000024 

, o.000070 

0.000 I 96 
0.003 
0.040 

0.300 

0 .OOOI 0 2  

I 0.120 

Table I11 gives the complete data for a typical anhydrous 
solution of lithium chloride in pyridine. Column I contains 
the total voltage impressed on the cell; column 11, the anode 
polarization; and column 111, the cathode polarization. The 
current and current density (amperes per square centimeter) 
are found in colunins IV and V respectively. 

Lithium was deposited and no insulating film appeared 
on the cathode for twenty minutes. Then a yellowish-red film 
formed and the resistance rose. At first this solution was 
highly anhydrous, but some moisture from the air and from 
the intermediate cell which connected with an Ostwald half 
cell diffused down the neck of the electrolytic cell until finally 
the lithium was attacked. Thus this last experiment shows 
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TABLE 111 

pyridine, one-third normal. 
Current electromotive force curve for lithium chloride dissolved in 

t = 24.8' C 

I I1 
Total i Anode 

0.00 
I .oo 
1.49 
1.98 
2.47 
3.29 
3.59 
4.07 
4.37 
4.46 
4.61 
4.99 
6.30 
7.31 
8.19 
9.09 

-0.59 
-I. 15 
-1.43 
-1.43 
-1.43 
--I .47 
-1.51 
-1.51 
-1.58. 
-I .68 
-I. 76 
-I. 90 
-3.04 
-3.31 
-3.51 
-3.82 

__ 

1x1 
Cathode 

-0.59 
-0.17 
f0.07 
$0.54 
+os94 + I .'76 
+2.27 
f2.54 
+2.75 
f2.84 
$2.90 
+3.06 
+3 * 24 - 
- 
- 

I V  
Cbrrent 

0.000000 
0.000039 
0 * 0001 I8 
0.000157 
0.000200 
0.000208 
0.00041 3 
0.00043 2 
0.000630 
0.00104 
0.00139 
0.00201 
0.007 
0.00869 
0.00807 
0.00906 

V 
Iurrent density 

per sq. cm 

0.000000 
0.000013 
0.000039 
0.000052 
0.000067 
0.000069 
0.000138 
0.000144 
0.00021 
0.00035 
0.00046 
0.00067 
0.0023 
0.0029 
0.0027 
0.0030 

Fig. 1-Lithiurn chloride dissolved in pyridine 
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excellently the transition from anhydrous to very slightly 
hydrated solution. 

Ordinates are in amperes, abscissas in volts-positive 
to the right of the reference zero, negative to the left. The 
anode and cathode curves rise from the common point -0.59 
volt, which represents the experimental result of measuring 
the potential of the platinum2 electrodes against the solution 
of lithium chloride in pyridine. This is comparable to  the 
rise of anode and cathode curves from the common potential 
of -0.8 volt, using lithium chloride in water between platinum 
electrodes. This common point represents a finite value of 
anode and cathode polarization for zero current. ,4s our 
reference zero we have used -0.56 volt for Ostwald’s normal 
half cell. This zero is called for convenience “Ostwald’s 
zero.” ,4ny other zero might have been used without affect- 
ing any of our results or conclusions.s 

Fig. I shows that at the current density of 0.001 ampere 
per square centimeter, the cathode polarization is + 2.60 
volts, the anode -1.40, and the total 4.00 volts. The chemical 
reactions that determine these polarizations are briefly as 
follows : 

At the cathode, three sets of reactions occur with in- 
creasing current density. At very .low current density, the 

Fig. I represents Table I11 graphically. 

The diagrams and description given in the Journal of Physical Chemistry, 
8, 163 (1904), under the head ‘‘ Decomposition Curves of Lithium Chloride in 
Various Alcohols, Etc.,” will aid materially in getting a clear understanding 
of this set of curves See also “ An Analytical Study of the Deposition of Alumi- 
num from Ethyl Bromide Solution,” Jour. Phys. Chem., 8, 557 (1904). 

It is conceded that plati- 
num does not enter into reaction with the electrolyte. The source of the poten- 
tial difference is considered to be in the reactions of the oxygen dissolved in the 
electrolyte and in the platinum. Glaser’s (see Zeit. Elektrochemie, 4, 373) 
tests on the oxyhydrogen cell, using the solvents alcohol, ether, acetone, etc., 
are of interest in discussing the potential differences of dissolved gases. But 
i t  must be borne in mind that Kelvin’s work on contact electromotive force 
shows that an electrolyte is not needed to produce a difference of potential 
between substances. In the present instance we have the potential of the dis- 
solved gas predominating. 

At present the selection of a reference zero is entirely on an arbitrary 
basis. See the work of Carveth, Nernst, Ostwald, Billitzer and Palmaer. 

This is merely the usual mode of speaking. 
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oxygen a t  the cathode acts as a nearly perfect depolarizer, 
and no hydrogen or other products appear. ,4t higher current 
densities, if the electrolyte contains minute quantities of 
water, then reaction takes place at $0.4 volt, giving off 
hydrogen or other gas and forming lithium hydroxide; at a 
comparatively low current density of 0.001 ampere per square 
centimeter metallic lithium separates from solution in mass 
and establishes its counter-electromotive force. The energy 
of the reaction of the primary product on the solvent is re- 
turned to the circuit as long as the current density does not 
exceed the rate of action of the solvent on the metallic lithium. 
But massive lithium once plated out, redissolves,’ evolving 
heat and not returning electrical energy to the circuit. That 
is, the true single potential of metallic lithium is obtained 
on its first appearance in mass. This potential is f2.60 
volts, which value is higher than that calculated for aqueous 
solution as +2.45 volts and observed with alcohol solution 
as +2.41 volts. The high single potential of lithium ex- 
perimentally found with pyridine as solvent is indicated by 
the high heat of solution of lithium chloride in pyridine. 
The heat of solution of 4.06 percent lithium chloride in pyri- 
dine at 16OC was found to  be 13,920 calories, which gives 
0.613 v o k 2  Similarly for an aqueous solution the heat of 
solution in volts is 0.371 volt. The difference, 0.242 volt, 
is of the same order of magnitude as the difference (+o.15 
volt) between the cathode voltage determined experimentally 
and that calculated from thermal data; similarly this differ- 
ence is ~ 0 . 1 9  volt, when we compare the cathode voltage 
in pyridine solution with that for alcoholic lithium chloride 
solution-where the heat of solution is not at hand.s Thus 

* Compare the rate of action of the solution at different current densities 
Jour. Phys. Chem., 8, 181 (1904). for amyl alcohol solution of lithium chloride. 

’ r3?920 x 4”4 = 0.613 
96,540 \ 

a Compare with this the correspondence between the heat of solution 
of aluminum bromide in ethyl bromide, and the ‘decomposition point of the 
solution, 2.30 .volts, as shown in former papers. Jour. Phys. Chem., 8, 548 
(1904); “On the Heat of Solution of Aluminum Bromide in Ethyl Bromide,” 
Trans. Am. Electrochem. SOC., 7, 1 7 7  (1905). 
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we have confirmed the first part of the work of Laszczynski 
and Gorski, that  pyridine unites with lithium chloride, evolv- 
ing much heat,’ but we made no attempt to reproduce the 
crystalline body which they describe, LiCl + 2C5HbN. 

A t  the anode, the polarization -1.40 volt is observed at 
a current density of 0.00003 ampere. This polarization is 
0.30 volt less than for alcoholic solutions. For dilute aqueous 
solution the voltage at which free chlorine separates has been 
calculated’ as -2.00 volts. In  alcoholic solutions the chlorine 
apparently replaces the hydrogen of the hydrocarbon group, 
also gives alkylchlorides, and forms free hydrochloric acid 
at the anode. 

AndersonS has shown that chlorine, bromine and iodine 
do not replace hydrogen on the pyridine ring at ordinary 
temperatures, but rather form unstable addition products. The 
low polarization at the anode found when chlorides are elec- 
trolyzed in pyridine accords with such reactions. When zinc 
chloride is used as solute, the same low anode value is ob- 
tained for a low current density. But a t  0.020 ampere per 
square centimeter of anode surface this zinc chloride solu- 
tion in pyridine shows the same higher value of anode polariza- 
tion which characterizes the electrolysis of chlorides in alco- 
hols, for a considerable range of current density. The reason 
for this is, possibly, that  with greater electrical energy avail- 
able the liberated chlorine substitutes one or more hydrogens 
on the pyridine ring, as would happen if the chlorine were 
acting upon pyridine at a higher te rnpera t~re .~  . 

~~ 

Bonnefoi, Comptes rendus, 129, 1257 (18991, has determined the heat 
evolved when LiCl unites with I, 2 and 3 molecules of ethylamine; these values 
arc respectively 13,834, 11,517 and 10,570 small calories, and agree well with 
the values calculated from the temperature of dissociation by means of 
Clapeyron’s formula. 

“Experimental Determinations of the Single Potentials of the Alkali 
Metals, Sodium and Potassium,” Electrochem. Ind., September, I 903. Also 
“Single Potentials of the Halogen Elements,” Trans. Am. Electrochein. Soc., 

Trans. Rov. SOC., Edinburgh, 21, 4, 5 7 1 ;  also Annalen, 105, 340. 
Compare “ The Behavior of Pyridine Dissolved in, Acetic Acid,” Jour. 

5, 73 (1904). 

Phys. Chem., 6, 554 (1902). 
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Percent of lithium chloride Specific conductivity X 1o+4 

0.052 
0.064 
0.092 
0.57 
0.62 
0.71 
0.83 
0.99 
1.35 

0.171 
0.187 

0 .723  
0.741 
0.773 
0.800 
0.889 
0.953 

0.211 

The effect of lithium chloride upon the conductivity of 
pyridine is much greater than that of water, for the first 
portion added, but the increase in conductivity produced 
by succeeding portions of salt is relatively less than where ' 

water alone is added to dry pyridine drop by drop. 
Table V shows the effect of water upon the specific 
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0.00 

0.55 
0 . 7 2  
1 . 1 7  
1.49 
1 ' 93 
3 .  I O  

3 . 5 3  
3 . 9 7  
4.42 
4 . 8 5  
5 . 2 8  

1 2 . 7  
1 9 . 7  
4 8 . 0  
7 6 . 0  

1 6 0 . 0  

0 . 2 2  
I ,092 
1 . 3 0 3  . 

I 2 .14  
2 . 5 4  I 

4 . 9 0  
5 , 2 1  
5 . 7 5  
7 . 3 3  
8 . 0 6  
8 . 5 6  
9 .20  
9 .90  

1 0 . 4 3  
1 7 . 2 4  
19.20 
2 3 . 3 0  
2 6 . 4 0  
2 7 . 0 0  
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Current Efioienoy 
A rough determination of the current efficiency in de- 

positing lithium from a saturated solution of lithium chloride 
in pyridine was made. The platinum wire cathode, 2 . 5  cm 
long, was placed under an inverted burette, which thus 
served to collect and measure the gas evolved. The anode 
was a sheet of platinum foil of 2 9 . 5  cm effective area. The 
cell was carefully sealed to prevent access of moisture, and 
lumps of solid fused lithium chloride in contact with the 
solution assisted in maintaining it in a dry condition. 

The current gas evolved at cathode and the time are 
given in Table VI. Fig. 2 shows this same set of values 
graphically. Curve I represents the increase of cathode gas 
wit11 time, ordinates (not corrected for t and p )  being cubic 

0.06. 

0.05 

0.04 

0.03 

3.02 

3.0 I 

Fig. z-Saturated solution of lithium chloride in pyridine. Tenip. 18' ; 
#J == 702.3 mm (corrected). Current density 0.001 amp/sq crn 

centimeters of gas, and abscissas time in minutes. Curve 2 

is the decrease in current with time, the abscissas being ex- 
actly the same as for Curve I ; and the ordinates (given at the 
right hand), amperes. A comparison of these two curves 
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TABLE VI 
Showing the decrease of current with time, and the parallel decrease 

of gas evolved a t  cathode, owing to film formation, the electro- 
motive force on the cell remaining constant a t  108 volts. 

_____~ 

Time 

Minutes Seconds 

0 0 
I I O  

I 40 
2 I 5  
2 55 
3 30 
3 45 
4 40 
5 I O  

6 25 
I O  25 
I1 30 
I5 I O  

2 1  30 
22 25 
34 30 
73 I O  
95 00 

28 I 00 

t = I80C 

Gas 

cc 

0.0 
0. I 
0 . 2  
0.36 
0 .4  
0 . 5 5  
0.60 
0.74 
0 . 8  

1.75 

2 . 7 0  
2.90 
2.93l 
3 . 0 6 ~  
3.  IO 

3 .  IS3 

1.00 

2.00 

- 

Current 

Ampere 

0.0485 
0.046 
0.045 
0.042 
- 
- 

~ 0.040 
0.038 
0.0375 
0.0355 
0.029 
0.0255 
0.007 
0 . 0 0 2  
0.001 
- 
- 
- 
-- 

shows that the cathode gas is evolved at a constant rate, 
regardless of the vagaries of the current passing through the 
cell, until the current has fallen to about one-seventh of its 
initial value. This steady evolution of gas is exactly what 
is to he expected if the lithium deposits as a primary decom- 
position product and subsequently acts upon the solution a t  a 
steady rate, decomposing the solution. The sudden drop 
in the rate o€ gas evolution after fifteen minutes of elec- 
trolysis is evidently due to the formation of a film upon the 
lithium. The resistance of this film to the passage of the 

1 2.93 cc = 2.53 cc a t  oo C and 760 mm. 
2 No voltage on cell, gas still evolved, 
* No further evolution of gas, 
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current seems not to prevent the action of the solution upon 
the deposited lithium, until a considerable thickness of film 
has been reached, since the current passing through the cell 
decreases from the very beginning, and its curve seems to 
indicate by its change of direction (see Curve 2,  Fig. 2) 

two stages in the formation of the film. 
It is interesting to  note that this evolution of gas from 

the cathode was maintained long after the electromotive 
force had been taken off the cell, although the volume of gas 
was very small. 

A graphical integration of the current-time Curve 2 in 
Fig. 2,  shows that some 32-44 coulombs have passed through 
the cell. This is equivalent to  3.30 cc hydrogen at oo and 
760 mm. There was evolved in this experiment 2.53 cc gas 
(reduced to  oo and 760 mm) while the current was passing. 
Assuming that this gas was all hydrogen, 76.7 percent of the cur- 
rent was used for its production, and 23.3 percent for the deposi- 
tion of lithium which remained unattacked by the solution. 
This calculation of course assumes that the total current is 
used, either in depositing lithium or in liberating gas. The 
area of the platinum cathode used here was about 0.5 cm, 
which gives an initial current density of 0.1 ampere per sq. 
cm, or some 90 amperes per sq. foot. 

Upon reversing the current, lithium is deposited upon 
the new cathode, while the film upon the old cathode-now 
the anode-separates in a sheet and falls away. In  a short 
time-some IO to 15 minutes-a film again forms upon the 
cathode and the current rapidly falls to a negligible quantity. 
This film formation takes place more rapidly in a solution 
which has been electrolyzed than in a fresh solution, probably 
owing to anode products remaining near the electrode, which 
upon reversal of the current becomes the cathode. 

Thus we have shown the conditions for the continuous 
deposition of metallic lithium from a solution of lithium 
chloride in pyridine to  be: (I)  A current density of 0.001 
ampere per square centimeter of cathode surface, at 25' C;  
(2)  The solution should be anhydrous to a high degree; (3) 

' 



Decomposition Czivves o f Lithium Chdovide 65 

The electromotive force necessary to produce the required 
current density will depend upon the specific resistance of the 
solution, upon the size of electrodes and their proximity to  
each other; and in addition it, must overcome the cathode 
polarization-2.60 volts for this current density-and the 
anode polarization. This last will depend upon the area of 
the anode. When cathode and anode are alike in area, as in 
our experiments, the total polarization at 0.001 ampere per 
square centimeter is 4.00 volts, of which -1 .40  volts is at the 
anode, and 2.60 volts at the cathode. But a smaller anode 
with the same cathode would show a higher polarization, 
and thus add to the total requisite impressed electromotive 
force. The current efficiency has been shown by a rough 
experiment to  be some 2 3  percent for the deposition of lithium, 
using a current density of 0.1 ampere per sq. cm, but elec- 
trolysis was soon stopped by the formation of a film upon the 
cathode. 

Part 11. The Deposition of Lithium from Acetone Solution 
Metallic lithium may be deposited from the solution of 

its chloride in acetone' at the low current density of one 
milliampere per square centimeter; or, roughly, about one 
ampere per square foot of cathode surface. The conditions 
requisite for this deposition and the phenomena attendant 
upon it have been considered experimentally. These com- 
prise anode, cathode and total polarization as a function of the 
current density; the influence of secondary reaction at the 
electrodes upon the form of the current electromotive force 
curve; the effect of water-either present as impurity or 
produced by electrolysis-upon the conductivity of the solu- 
tion, and its tendency to form a cathode film by further 
reaction; the relation of cathode material to the current 
density at which lithium deposits; and the current efficiency 
with which the lithium is deposited. 

This was presented to  the American Chemical Society at its summer 
meeting in 1903. compare Siemens: Zeit. anorg. Chem., 41, 2 7 0  (1905); 
also Levi and Voghera: Gam, chim., 35, 277 (1905). 
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Materials 
The acetone was chemically pure from Kahlbaum and 

The lithium distilled at 54.7' C under a pressure of 739 mm. 
chloride was from E. de Haen. 

Methods 
The procedure followed in securing data on the total 

polarization, anode polarization and cathode polarization, as 
affected by current density, have been described in Part I 
of this paper together with the methods used to determine 
current efficiency and electrical conductivity (Kohlrausch) . 

Results 
Table VI1 contains the current-voltage readings for a 

0.94 percent solution of lithium chloride in acetone.' The 
electrolysis was carried out between platinum electrodes, 
3 sq cm in area and approximately 7 mrn apart. The cell 
was closed by a ground-in glass stopper, to exclude moisture. 

The current electromotive force curve (Fig. 3 )  plotted 
from the data in Table VI1 shows a sudden rise in the counter- 
electromotive force a t  a current density of 0.001 ampere per 
square centimeter, from 2.1 volts to 4 volts for the total cell. 

This same saturated solution of lithium chloride was 
electrolyzed for about an hour with an impressed electro- 
motive force of I IO volts and an initial current of 1.0 ampere. 
The lithium was deposited in a spongy condition and conse- 
quently appeared black to gray, whereas the compact deposit 
of lithium from this solution is white, like a zinc deposit. 
The lithium was obtained in a deposit some 2 mm thick. 
When placed under benzene the metal reacts with the water 
in the benzene liberating hydrogen, and when this trace of 
water is exhausted the lithium keeps very well. 

In order to  locate more definitely this change in the 
polarization of the cell when lithium is deposited, the polariza- 
tions at anode and cathode, as well as the total polarization 

Compare " On the Deposition of Zinc from Zinc Chloride Dissolved in 
Acetone," Jour. Phys. Chem., 8, 483 (1904). . 



TABLE: VI1 
Decomposition curve for a saturated solution of lithium chloride in 

acetone (0.94 percent LiCI) a t  2 I O C. 

Volts ' Volts 

0.43 
0.87 
I .  16 
I .27 
I .36 

2.83 
3.70 
4.74 
5.58 
6.3,8 
7.18 
7.97 
7.91 
7.16 
6.34 
5 . 5 8  
4.75 
3.97 

_ _ ~ ~ _ _ _ _  

2 . 2 0  

Ampere Ampere 

0.0000070 
0.0000136 

0.0001 845 
o.00080 
0.00172 
o.00300 
0.00261 
0.00422 
0.00622 
0.00825 
0.01030 
0.01084 
0.00844 
0.00663 
0.0042 I 

0.00028 

0.000034 I 
0.0000735 

0.00249 

0.020 
0.010 

0 . 0 0 2  
0.000 

0.005 

L - 
L - - 
+ - 
- 
- - 
- 
- 
- - 

Fig. 3 

of the cell, were taken a t  different current densities. These 
readings are given in Table VIII,  and shown graphically in 
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Fig. 4. The electrical connections, instruments and ad- 
justments have been described above in Part I of this paper, 
which deals with the deposition of lithium from lithium 
chloride dissolved in pyridine. The solution of lithium 
chloride in acetone, used for the determinations given in Table 
VIII, was made up from acetone which had stood for weeks 
over calcium chloride, and was freshly distilled. The lithium 
chloride has  fused and while still hot added to the acetone. 
Inspection of the data in Table VI11 shows a lack of agreement 
between the total electromotive force on the cell and the sum 
of anode and cathode voltages. This discrepancy is due to 
the high resistance in series with the half cell, which rendered 
impossible the readings of the electromotive force closer than 
hundredths of a volt with the zero instrument at hand. 

4 

TABLE VI11 
Current electromotive force curves for lithium chloride dissolved in 

acetone, 0.94 percent LiC1. t = 27.0' C. 

Total 

0.92 
I .  2 5  
1 . 5 2  
I .  72 
I .84 

2.13 
3.28 
3 ' 73 
3.85 
4.34 
4.65 
4.91 
5.21 
5.79 
6.36 
7.05 

2 .oo 

Volts 

$athode 

- 0 . 2 8  
- 0 . 0 9  

+o. 15 

+0.34 
$0.51 + I :42 
+ 2 . 2 0  
f 2 . 2 8  

$2.80 
+2.99 
+3.11 

$0 .07  

$0.23 

$ 2 . 7 2  

- 
- 
- 

Anode 

-I. 19 
-1.27 
-1.39 
-1 .43 
-1.59 
-I .67 
-1.75 
-1 ,94 
-1.44 
-I .63 
-1.55 
-I .  70 

-I .98 
-2.02 

- 
- 

-2.52 

%node + 
cathode 

0 .91 
I .  I8 
I .46 
1.68 
I .82 

2 . 2 6  

3.36 
3.66 
3.91 
4.27 ' 

4.50 
5 . O I  

5 .09 

2 . O I  

- 
- 
- 

Ampere 

0.000138 
0.000237 
0.000474 
0.000732 
0.00105 
0.00140 
0.00176 ' . 
0.00385 
0.00128 
0.00059 

0.00172 
0.00296 
0 ' 00395 
0.00606 
0.00820 
0.00902 

0.00079 

In Fig. 4 the anod,e and cathode curves both start 
from the same point-0.731 volt-at zero current, since this 
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is the single potential of the platinum electrodes in this solu- 
tion. Consider first the anode curve (111): its slant shows a 
CR line with about half the total drop in voltage due to the 
total cell resistance; on extending back this CR line, it  inter- - 
sects the axis of volts at -1.60 volts, and this value sub- 
tracted from the total polarization of the cell, f4 .15  volts, 
gives as the cathode polarization $ 2 . 5 5  volts. 

The cathode curve starts at -0.731 volt, but as the 
oxygen dissolved in the platinum is exhausted and as the 
solution at the cathode increases in alkalinity, the polariza- 
tion gradually approaches the value $0.5 volt, which like- 
wise is the value given by hydrogen in aqueous alkaline solu- 

' 

3 2 1 0 1 2 3 4 5 6 7  

Fig, q--Decomposition curves of lithium chloride in acetone 

tions. This change is in progress along the portions of Curve 
I1 marked a, b,. At the point b, a rapid rise in polariza- 
tion takes place, due to the deposition of metallic lithium, 
and at c, the counter electromotive force of the lithium is 
made more strongly evident by causing a large decrease in 
the current passing through the cell. This effect is observed 
until the point d, is reached, and finally a t  e, the cathode 
current electromotive force curve (e ,  f,) again becomes simply 
a straight CR line, indicating that the current passing through 
the cell is proportional to the applied electromotive force. 
Extending this line e, f ,  back to the axis of volts gives a cathode 
polarization of + 2.60 volts. 
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The " Total Polarization," Curve I, reproduces each 
change of curvature seen in Curve I1 for the cathode polariza- 
tion. Since the platinum electrodes oppose each other, this 
total polarization curve starts from '0 volt a t  zero current; 
its rise along a, b, expresses both the anode and cathode 
reactions, and a t  b, the same sudden rise in polarization is 
seen as a t  b, on the cathode curve. The CR line e ,  f ,  has a 
steeper slant than the cathode CR line, e, f,, since the cathode 
CR drop is only about half that across the total cell. This 
same consideration applies to  each of the branches of Curves 
I and 11; thus c, d, is steeper than c, d,, and a, b, than a, b,. 

The cathode polarization f2.60 volts given by the data 
in Table VI11 is higher than that calculated for metallic 
lithium against aqueous solutions. The cathode discharge 
potential of lithium in this same solution of lithium in acetone 
was found to be f2.45, +2.53 and $2.45 volts, but when 
one drop of water was added to  25 cc of solution the dis- 
charge fell off to values intermediate between f2.45 volts 
and fo.46 volt. 

The heat of solution of lithium chloride, 0.254 percent in 
acetone at  13' C, was found to be 5,883 small calories, which 
corresponds to 0.254 volt. The heat of solution of lithium 
chloride (4.06 percent) in pyridine, was found to  be 13,920 
small calories, which gives 0.613 volt. 

The heat of solution of lithium chloride in water, which 
is equivalent to 0.371 volt, is 0.117 volt greater than for 
acetone solution, and 0.242 volt less than for pyridine solu- 
tion. Since the acetone solution was very dilute (0.254 per- 
cent), the value found for the heat of solution is near the 
maximum. 

The reaction of lithium upon the acetone itself is prob- 
ably analogous to  the action of sodium, which gives 
CH,.CO.Na.CH, according to F'reer.' The hydrogen thus 
liberated would again react with the acetone to give water 
and secondary alcohol and alcoholates as well as lithium 

Am. Chem. Jour., 12, 355 (1890). 



hydroxide; these products can react further to produce still 
higher alcofiols and esters. 

The effect of water upon the conductivity of an anhy- 
drous solution of lithium chloride in acetone is given in Table 
IX, and the data plotted in Fig. 5 .  For the first portions 
of water added the conductivity increases regularly. This 
increase is much less than that produced by adding water to 
lithium chloride dissolved in pyridine, as shown in Part I of 
this paper. When some 0.6 percent of water (by volume) 
has been added to the acetone solution a precipitate begins to 
form. and presently collects at the bottom of the conductivity 

Fig. 5-Effect of 'water upon specific conductivity of 
lithium chloride acetone. Temp. 2 5 . 0 ~  

cell as a second liquid phase. The platinized platinum elec- 
trodes were held vertically so that they remained in the 
acetone-lithium chloride phase throughout the experiment. 
The separation of this second liquid phase rich in lithium 
chloride and water is indicated by the drop in the electrical 
conductivity, which rose again on standing, since this second 
liquid layer dissolved in the main body of the solution as soon 
as the equilibrium, temporarily disturbed by addition of 

' water, could readjust itself. On adding more water-0.824 
percent in all-this effect was still more pronounced. A 
considerable volume of the second liquid phase formed and the 
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conductivity dropped suddenly, as shown in Fig. 5 ,  but on 
standing 7 5  minutes with occasional shaking the second liquid 
layer again went back into the solution and the conductivity 
rose to nearly the same final value as before, when 0.618 
percent of water had been added. 

TABLE IX 
Effect of water upon the specific conductivity of anhydrous lithium 

chloride in acetone, 0.94 per cent. t = 25.0' C. 

Parts of water by volume 
added to IOO parts of 

the saturated ace- 
tone solution 

0 .0  
0.206 
0.412 
0.618 ' 
0.618 
0.618 
0.824 
0.82.4 
0.824 
0.824 
0.824 
0.824 
0.824 

Specific conductivity 

4.23 x 10-4 
4.87 X 10-4 
5.345 x 10-4 
5.11 X 10-4 
5.215 X 10-4 
5.285 x 10-4 
1.785 X  IO-^ 
1.785 X  IO-^ 

4.87 x 10-4 
4.89 X 10-4 
4.97 X 10-4 
5.095 x 10-4 

1.545 x 10-5 

Time 

Minutes 

- 
- 
- 
0 

45 
138 

0 

2 

4 
9 

I5 
75 

I 2  

If water is formed at the cathode during the deposition 
of lithium it is evident that  a second liquid phase may be 
formed and, temporarily at least, greatly increase &the re- 
sistance. The stirring of electrolyte produced by the lib- 
erated hydrogen will tend to prevent this effect. 

Current EfRciency 
Using the same apparatus described in Part I of this 

paper, the current efficiency for the deposition of lithium 
chloride from an anhydrous saturated solution (0.94 percent) 
of lithium chloride in acetone was found to be 38.5 percent 

After shaking. 
Not shaken. 
Shaken. 



at a current density of 0.001 ampere per square centimeter, 
and at 20.5' C. This calculation assumes that the gas lib- 
erated a t  the cathode is hydrogen. Similar experiments 
using a saturated anhydrous solution of lithium chloride in 
amyl alcohol gave a current efficiency for the deposition of 
lithium of 44.8 percent with an average current density of 
0.0012 ampere per square centimeter, at 22' C: For lower 
current density where no metallic lithium remained on the 
cathode, the volume of cathode gas liberated agreed within 
1.2 percent with that required by Faraday's law, supposing 
the gas evolved to be hydrogen. 

Summary 
In this paper it has been shown that:  
( I ) .  Lithium may be deposited from an anhydrous satu- 

rated solution of-lithium chloride in pyridine upon a smooth 
platinum cathode at a current density of 0.001 ampere per 
square centimeter, the temperature being 2 j' C. 

(2) Lithium may be deposited from an anhy.drous solu- 
tion of its chloride in acetone under exactly the same con- 
ditions given in I above. 

( 3 )  The cathode polarization due to deposited lithium is 
$2.60 volt, both in the pyridine solution and in the acetone 
solution, despite the fact that  insacetone the heat of solution 
was found to be equivalent to 0.254 volt and in pyridine to 
0.613 volt-as compared to 0.371 volt in water. 

(4) A very small quantity of water in the pyridine solu- 
tion will cause the formation of an insulating film upon the 
cathode, and shortly stop the passage of the current. 

( 5 )  The specific electrical conductivity of lithium chloride 
in pyridine was measured at nine dilutions. 

( 6 )  The effect of water upon the electrical conductivity 
of solutions of lithium chloride in pyridine, as well as in 
acetone, was determined. The conductivity of the pyridine 
solution is raised in a high degree by a small percentage of 
water, while the acetone solution shows a much smaller rise 
on adding water, and may have its conductivity very greatly 
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lowered owing to the formation of two liquid phases, the 
water-rich phase having the higher percentage of lithium 
chloride. 

(7 )  The current efficiency in depositing lithium from the 
pyridine solution was found to  be 2 3 . 3  percent at a current 
density of 0.1 ampere per square centimeter; from acetone 
solution, 38.5  percent a t  a current density of 0.001 ampere 
per square centimeter; from amyl alcohol solution, 44.8 per- 
cent at a current density of 0.0012 ampere per square ccnti- 
meter. 


